Abstract
Methods
May through November 2014, and August to September 2011 to 2013, a convenience sample of nasopharyngeal specimens from children with rhinovirus (RV)/EV respiratory infections were tested for EV-D68 by RT-PCR. Clinical data were compared between children with RV/EV-non-EV-D68 and EV-D68 infections, and among children with EV-D68 infections categorized as healthy, asthmatics, and chronic medical conditions. EV-D68 loads were analyzed in relation to disease severity parameters and sequence variability characterized over time.
Results
In 2014, 44% (192/438) of samples tested positive for EV-D68 vs. 10% (13/130) in 2011-13 (p<0.0001). PICU admissions (p<0.0001) and non-invasive ventilation (p<0.0001) were more common in children with EV-D68 vs. RV/EV-non-EV-D68 infections. Asthmatic EV-D68+ children, required supplemental oxygen administration (p = 0.03) and PICU admissions (p <0.001) more frequently than healthy children or those with chronic medical conditions; however oxygen duration (p<0.0001), and both PICU and total hospital stay (p<0.01)
Introduction
A convenience sample of specimens that tested positive for RV/EV by either method were selected and subsequently tested for EV-D68 using a laboratory developed single step RT-PCR assay. Samples were selected randomly based on availability, integrity and amount of remnant specimen. EV-D68 testing was completed after the patient encounter, thus results were not available to the physician treating the patient.
Electronic health records (EHR) from all children identified (RV/EV-non-EV-D68 and EV-D68) were reviewed for pertinent demographics, clinical characteristics and outcomes of care including, admission to the pediatric intensive care unit (PICU) and length of PICU stay, administration and duration of supplemental oxygen, need for invasive and non-invasive ventilatory support (specifically continuous positive airway pressure [CPAP] and bilevel positive airway pressure [BiPAP] ), and duration of hospitalization. These parameters were compared first among children with RV/EV-non-EV-D68 vs. EV-D68 infections, and then within the EV-D68 group between previously healthy children, children with history of asthma/wheezing and those with chronic medical conditions. The history of asthma/wheezing and chronic medical conditions were first identified by electronic extraction from patients' EHR and then verified by manual review for accuracy. Patients with no other comorbidities except for history of asthma or any prior wheezing episodes were included in the asthma/wheezing group.
In children with EV-D68 infection, relative viral burden (cycle threshold (Ct) values) was compared and correlated with disease severity parameters. Last, based on availability, we determined in a subset of samples, the local prevalence and differences in sequence homology of EV-D68 strains identified during the 2014 outbreak and prior years (August to September of 2011, 2012 and 2013). The study was approved by the Institutional Review Board of Nationwide Children's Hospital (IRB#13-00796). Due the retrospective nature of this study, the study involved no more than minimal risk to subjects and a waiver of consent was requested and approved by the IRB.
EVD68 Identification, quantitation and Sequencing and Analysis
A single step, EV-D68-specific reverse transcriptase real-time PCR was developed in house during the 2014 outbreak. The primer and probe sequences were designed based on in silico analysis of all the available EV-D68 sequences deposited in NCBI, targeting the 5' non-translated region of the human enterovirus genome. The NCBI database was accessed on September 15, 2014 and at that time < 20% of the EVD68 2014 outbreak sequences were included. Briefly, total nucleic acid was obtained by extraction using the NucliSENS easyMag platform (bioMerieux, Durham, NC) and 4μL of the eluate was added to a 20 μL total volume reaction mixture [1XTaqMan RT-PCR mix (TaqMan RNA-to-C T 1-Step Kit, Life Technologies, Grand Island, NY), 1XTaqMan RT Enzyme Mix, 0.25μM of each primer: EVD68F (5'-AAAACCATGACGC TAGACATGA-3') and EVD68R (5'-GGCCGGAGGACTCTAT-3') and 0.9μM of probe EVD68P (5'-VIC-CAAGGTGTGAAGAGTCTATT-MGB-3')]. The RT-PCR was carried out using the ABI 7500 thermocycler (Life Technologies, Grand Island, NY) with the following running conditions: 48˚C for 15 min, followed by 10 min at 95˚C, 40 cycles of 95˚C for 15s and 50˚C for 1 min. Semiquatitative genomic EV-D68 loads were quantified using Ct values, which reflect the number of amplification cycles that are required for a positive PCR test. Thus the higher the Ct value the lower the amount of genomic EV-D68.
For EV-D68 sequencing, partial VP1 genes from EV-D68 strains identified at our hospital during the 2014 outbreak and in previous years, were amplified to yield an 805-basepair (bp) PCR product, as described. [18] Cycle sequencing was performed with BigDye Terminator v3.1 cycle sequencing Kit (Applied Biosystems) on the automated sequencer 3130xl Genetic Analyzer (Applied Biosystems) bi-directionally. Multiple sequence alignment was performed and phylogenetic trees were generated using the neighbor-joining method implemented in MEGA version 6.0. [19] Support for specific tree topologies was estimated by bootstrap analysis with a value of 1000. Using Geneious software (http://www.geneious.com, [20] ), the amino acid sequences (including BE and DC loops) of partial VP1 were aligned and compared with NCH strains and selected sequences that were previously published.
Statistical Analysis
Descriptive analyses were performed using frequency distributions or rates. Medians (percentiles 25th-75th) were used to summarize the demographic data and patient's baseline characteristics. Associations between categorical and continuous variables were analyzed using the Fisher's exact tests, Chi-square, and the two-tailed Student's T tests or Mann-Whitney test where appropriate. Normality for continuous variables was checked using Shapiro-Wilk test. The Bonferroni correction was applied to correct for multiple testing when analyzing families that included multiple parameters such as signs/symptoms at presentation or medications used. Statistical analyses were performed using GraphPad Prism 6.
Results

Patient Population
From May 19 to November 26, 2014, 3,540 nasopharyngeal samples from children with respiratory symptoms underwent viral testing at Nationwide Children's Hospital Department of Microbiology. Of those, 1,448 (41%) samples tested positive for RV/EV. After excluding duplicate samples from the same or subsequent admissions, 32% (459/1448) of the RV/EV positive samples were randomly selected based on availability, integrity and amount of remnant specimen. These 459 samples were then tested for EV-D68 using a laboratory developed RT-PCR assay (Fig 1) . We excluded from the analyses samples from patients in whom clinical data was not available, patients ! 21 years of age, and infants hospitalized in the neonatal intensive care unit (NICU; n = 4). The four NICU patients were excluded because they had been hospitalized already for a prolonged period of time when they tested positive for EV-D68, and had additional risk factors for oxygen requirement and extensive length of stay. Of the remaining 438 RV/EV positive samples, 192 (44%) tested positive for EV-D68.
During the time period specified, the total number of samples sent for testing, along with those that tested positive for RV/EV and EV-D68 are depicted in Fig 2. The peak of EV-D68 positivity was identified from 8/23/14 to 9/20/14, while RV/EV detection was constant throughout the study period.
Clinical Characteristics and Outcomes of Children with Rhinovirus/ Enterovirus-non EV-D68 and EV-D68 Infections during the 2014 Outbreak
We compared the clinical characteristics and severity of patients that tested positive for EV-D68 versus those that tested positive for RV/EV but negative for EV-D68 (RV/EV-non-EV-D68) during the outbreak (Table 1) . Children with EV-D68 infection were significantly older, with no overall differences in sex or race. Body mass index (BMI) was within normal range for both groups, although it was significantly higher in children with EV-D68 infection. History of asthma was as well more common in EV-D68 positive children, while underlying chronic medical conditions were more commonly present in RV/EV-non-EV-D68 children, and included genetic syndromes, congenital heart disease, history of prematurity, primary or acquired immunodeficiency, neurologic disorders and neuromuscular disorders.
Regarding the signs and symptoms at presentation, fever was not high and median temperature was comparable between groups (38˚C). Patients with EV-D68 presented more frequently with respiratory distress and with wheezing as per provider documentation. Accordingly, use of systemic or inhaled steroids, bronchodilators, and intravenous magnesium was more common in these children. Chest x-rays were more frequently obtained in children with EV-D68 vs. RV/EV-non-EV-D68 infections (76% vs. 57% respectively; p<0.001) and the most common radiologic finding in both groups was bronchial wall thickening, interstitial markings and atelectasis. Lobar consolidation was uncommon and identified in 6% and 8% of RV/EV-non-EV-D68 and EV-D68 children respectively.
White blood cell and eosinophil counts were comparable in both groups, however neutrophil percentages were higher in children with EV-D68 infection. Blood and urine cultures were obtained in 41% and 25% of patients with RV/EV-non-EV-D68 respectively, compared with 0.5% and 11% of patients with EV-D68 infection, respectively (p<0.001). The only positive blood culture in the RV/EV-non-EV-D68 group revealed Streptococcus pneumoniae. Three children with EV-D68 and one with RV/EV-non-EV-D68 had a concomitant urinary tract infection. The following uropathogens were identified Enterobacter cloacae, Escherichia coli, Morganella morganii and Proteus mirabilis. Co-detection with other respiratory viruses was less common in children that tested positive for EV-D68 (2% vs. 8% in RV/EV-non-EV-D68 patients; p<0.01). Of the four children with EV-D68 infection that had another respiratory virus identified, parainfluenza virus (PIV type 2 and 3) was detected in two children, adenovirus in one and influenza A in another child. In 20 children with RV/EV-non-EV-D68 infections another respiratory virus was identified and included: PIV 2, 3 and 4 (n = 7), RSV (n = 5), adenovirus (n = 3), coronavirus (n = 2), influenza A (n = 1), human metapneumovirus (n = 1) and both Mycoplasma pneumoniae and RSV in one patient.
Clinical outcomes were compared between children with EV-D68 vs. RV/EV-non-EV-D68 identification (Table 2) . Children with EV-D68 were more frequently treated in the PICU and stayed significantly longer in the hospital, with no differences in PICU length of stay compared with RV/EV-non-EV-D68 positive children. In addition, supplemental oxygen and non-invasive ventilatory support were more frequently administered to children with EV-D68 infection compared to those with RV/EV-non-EV-D68, however there was no difference in duration of supplemental oxygenation. Both hospitalization charges and pharmacy charges were higher for children with EV-D68 infection.
Burden of EV-D68 in children with chronic medical conditions
Children with EV-D68 infections were further classified based on past medical history into three groups: previously healthy (n = 48); history of asthma or wheezing (n = 84); and chronic 
Continuous variables reported in medians, 25-75% interquartile ranges unless otherwise specified. The Bonferroni correction was applied to correct for multiple testing when analyzing families that included different parameters such as signs/symptoms at presentation or medications used.
(1) Post-hoc analyses identify a significantly higher proportion of African American children with EV-D68 infection (p = 0.03) (2) Other includes Asian, Native Hawaiian and unknown.
(3) Chronic medical conditions included genetic syndromes, congenital heart disease, prematurity, primary or acquired immunodeficiency, neurologic disorders including seizures, developmental delay, and neuromuscular disorders.
CXR: chest-x-ray; BWT: bronchial wall thickening; CBC: complete blood count. medical conditions other than asthma (n = 60), and their clinical presentation and disease severity parameters compared (Table 3) . Children with complex medical conditions included those with genetic syndromes, congenital heart disease, history of prematurity, primary or acquired immunodeficiency, sickle cell disease, neuromuscular and neurologic disorders. Children with history of asthma/wheezing were older than the other two groups and more commonly African American, while the majority of White children were otherwise healthy. Temperature was higher in previously healthy children, with no differences in other signs or symptoms at presentation. Blood cultures were more commonly obtained in patients with chronic medical conditions (47%) compared with otherwise healthy children (2%) or children with asthma (19%; p<0001) and were all negative. Similarly urine cultures were obtained in 22% of children with chronic medical conditions compared to 16% in healthy children and 1% in the asthma group, p<0.001). The three positive urine cultures were all identified in patients with chronic medical conditions who also had genitourinary abnormalities. In regards to clinical outcomes, PICU admission was more common in children with asthma; however, those with complex medical conditions had a significantly longer PICU stay as well as total hospital stay. In addition, patients with chronic medical conditions were more likely to require invasive ventilatory support and received supplemental oxygen significantly longer. No cases of acute flaccid myelitis or deaths were identified in any of the EV-D68 groups.
Relative viral burden (Ct values) was measured in all of the EV-D68 patients and was not significantly different between groups. There were no significant correlations between viral burden and age, length of stay, maximum temperature or duration of supplemental oxygen (p > 0.05). We also compare EV-D68 Ct values between patients requiring PICU admission versus those who were hospitalized in the ward and did not find significant differences (p = 0.90).
EV-D68 identification in non-outbreak years
Following the scheme used for sample selection during the 2014 outbreak, we randomly selected available NP samples that tested positive for RV/EV from previous years (8/12 through 9/15 of 2011, 2012, and 2013) based on availability and sample integrity. Of the 1,753 region (corresponding to the 120-750 amino acids position of the prototype Fermon strain), and were included in the analysis. All the NCH strains demonstrated more than 85% sequence identity to the VP1 region of the prototype Fermon strain indicating confirmed identity as EV-D68. [15] The strains were 97.20% identical to each other. Sequence identity was 98.20% among the 39 NCH strains sequenced during the 2014 outbreak and 99.34% among the four 2011 NCH strains. The 2012 strain showed only 88.41% sequence identity to other NCH strains. Phylogenetic followed by bootstrap analyses indicated that all, but one of the NCH 2014 strains, clustered into a sublineage within the major clade B [4] (Fig 3A & 3B) , along with other 2014 US strains [21] , suggesting the possibility of a new sublineage. The remaining 2014 NCH strain clustered within clade B but in a different group. Four sequences from 2011 also clustered in clade B along with strains isolated in the Netherlands, but also in a different group. The strain detected in 2012 was found in clade A.
Amino acid substitutions have been related with differences in virulence. To determine if amino acid compositions of the 2011, 2012 and 2014 NCH strains were aligned with other strains in the cluster we performed multi-alignment analysis using Geneious software (S2 Fig). The amino acid composition of the 2014 NCH strains were closely related with viruses that were identified in the US in 2014 with highly similar BC and DE loops. The 2012 NCH strain was closely related with strains isolated from Italy in 2012 [22] , displaying four unique substitutions (S95E, I131V, N140S, M148T) and one glycine amino acid deletion at position 141. The four 2011 NCH strains demonstrated similar amino acids signatures compared with the Netherlands strains [23] , characterized by the D152N amino acid sequences.
Discussion
Our study represents one of the largest cohorts of pediatric patients with EV-D68 infection during the 2014 outbreak in the US describing their clinical characteristics, assessment of viral burden and EV-D68 sequence variability over time. We found that EV-D68 caused severe respiratory distress in children during the 2014 outbreak and was associated with remarkable disease severity with over half of patients requiring PICU admission and invasive or non-invasive ventilation. We also found that although severe disease was most prominent in children with a history of asthma or wheezing, EV-D68 had a significant impact on children with other co-morbidities, independent of viral burden. Last, we confirmed that the 2014 EV-D68 strains clustered in clade B, along with other reported US strains, but clustered differently than isolates from previous years, suggesting that the 2014 strains belong to a new sublineage.
Prior studies suggested that EV-D68 infections were more common in older pediatric patients (4-7 years) that presented with severe respiratory distress, affecting patients with a history of asthma disproportionately. [11, 13, 14] In agreement with those studies, we also found that children with EV-D68 presented with severe respiratory distress, regardless of the presence of underlying medical conditions. We also found that African American children were more commonly infected with EV-D68, which has not been reported before and may be related to the higher prevalence of asthma in this population. [24] In addition and contrary to RV/EV-non-EV-D68 infections, co-detection of other viruses or bacteria was uncommon. Although the lack of co-detection with other respiratory viruses could have been related to the seasonality of the outbreak, a time of the year when the circulation of other respiratory viruses is usually low, it also suggests the major role of EV-D68 in association with severe acute respiratory distress.
Contrary to other reports, hospital and pharmacy charges were significantly higher in patients with EV-D68, which may be related to the high proportion of PICU admissions in our patient population. [13] In our study 68% of children with EV-D68 were admitted to the PICU, which is similar to the rates reported by Midgley et al [11] , but significantly higher compared to the 20% reported by others. [10, 13, 14] Nevertheless, once admitted, PICU length of stay was comparable between children with EV-D68 vs. those in the RV/EV-non-EV-D68 group. The variance in PICU admissions between our study and others could be attributed to differences in clinical practices followed at different institutions. In our institution, administration of invasive or non-invasive ventilator support, as well as (IV) magnesium, which is associated with hypotension, is managed in the PICU. In the present study, of the 131 children with EV-D68 infection treated in the PICU, 95% received either invasive or non-invasive ventilation and/or IV magnesium, suggesting that EV-D68 patients met appropriate criteria for PICU admission at our institution. No cases of acute flaccid myelitis or deaths, which have been reported in approximately 1% of infected patients, were found in our study. [7, 12] The burden of EV-D68 in children with chronic medical conditions has not been well characterized. A recent study conducted in the US showed that non-EV-D68 RV/EV infections were more common in children with underlying medical conditions while EV-D68 was identified in about 1/3 of these patients, which is in agreement with our findings. [13] We also found that the presentation of EV-D68 in children with chronic medical conditions was similar to those with asthma or previously healthy, with low grade fever and severe respiratory distress, which was present on admission in 70% to 87% of cases. However, duration of supplemental oxygen, PICU length of stay, and overall duration of hospitalization was significantly longer in those patients compared to previously healthy or asthmatic children. Viral burden in these children was also comparable and did not correlate with clinical outcomes. Thus, while children with a history of asthma or wheezing were more likely to require PICU treatment, children with chronic medical conditions were also affected and carried significant morbidity.
Our findings regarding the detection of EV-D68 in previous years revealed the circulation of EV-D68 before the 2014 outbreak. Phylogenetic and sequence analysis of the partial VP1 region clearly showed that the 2014 NCH strains grouped with other US strains circulating during the 2014 outbreak, in one distinct phylogenetic cluster in clade B, but separately than strains from 2011 that clustered in a different sublineage in clade B, or the 2012 NCH strain that clustered in clade A. Similar to other publications, our findings suggest that these 2014 NCH strains may represent viral evolution and a possible new sublineage [15, 16] . Nevertheless, and although limited because of the small number of patients, the phenotype of children with EV-D68 infection from 2011 to 2013 and 2014 was similar. These findings are in agreement with others who have reported sporadic detection on EV-D68 prior to 2014 with a similar clinical picture. [3, 22, 23] The analysis of the amino acid sequence focused in the BC and DE loops of the VP1 protein, showed that NCH 2014 strains had a similar pattern of substitutions compared to other 2014 US strains but different compared with strains from prior years. [25] It is known that the VP1 protein is exposed on the surface of the intact virion and contains a serotype specific neutralization site. Nevertheless, the association of these changes and whether they impact neutralization, the host response or the severity of illness are not known. [15] There are limitations to our study, some of them inherent to a retrospective study design. It is possible that unmeasured confounders and selection bias may have influenced the results since we only analyzed hospitalized patients, representing the more severe forms of the disease. The same type of bias applied to RV/EV-non-EV-D68 patients, which made the groups comparable. Additionally, we used a convenience sampling since not all respiratory samples were available for EV-D68 PCR testing, and thus our cohort may not be a complete representation of all patients that developed EV-D68 infection. Nevertheless, the proportion of samples that tested positive for RV/EV-non-EV-D68 during 2014 and in prior years was 40%, yet the number of cases positive for EV-D68 was significantly higher in 2014. Last, while we were able to compare children with chronic medical conditions with those that were previously healthy or had a history of asthma, we were not able to compare specific conditions such as immunodeficiency or congenital or cardiovascular conditions due to the relatively small number of patients.
In conclusion, in this study due to the large number of pediatric patients with EV-D68 and RV/EV-non-EV-D68 infections identified, we were able to offer a comprehensive clinical and molecular description of EV-D68 infection during the 2014 outbreak. In addition, we identified EV-D68 from previous years and provided both clinical and molecular data for these isolates compared to the outbreak isolates. While a history of asthma has been demonstrated as a potential risk factor for severe disease, EV-D68 may also have a significant impact on children with other co-morbidities. These findings warrant further study and the possible implementation of routine, rapid EV-D68 diagnosis to further define the burden and circulation of EV-D68 in children. 
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